IFN-γ has an important role in the adaptive immune response against intracellular pathogens. In urogenital tract (UGT) infections with the obligate intracellular pathogen Chlamydia trachomatis, IFN-γ-mediated control of chlamydial growth implies the JAK-STAT signaling cascades and subsequent induction of the indoleamine 2,3-dioxygenase (IDO). As oxygen concentrations in the UGT are low under physiological conditions (O 2 < 5%) and further decrease during an inflammatory process, we wondered whether antibacterial properties of IFN-γ are maintained under hypoxic conditions. Using primary cells that were isolated from human fallopian tubes and an ex vivo human fallopian tube model (HFTM), we found that even high IFN-γ concentrations (200 units/mL) were not sufficient to limit growth of C. trachomatis under hypoxia. Reduced antibacterial activity of IFN-γ under hypoxia was restricted to the urogenital serovars D and L 2 , but was not observed with the ocular serovar A. Impaired effectiveness of IFN-γ on chlamydial growth under hypoxia was accompanied by reduced phosphorylation of Stat-1 on Tyr701 and diminished IDO activity. This study shows that IFN-γ effector functions on intracellular C. trachomatis depend on the environmental oxygen supply, which could explain inadequate bacterial clearance and subsequent chronic infections eventually occurring in the UGT of women.
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Chlamydia trachomatis | hypoxia | persistence | urogenital tract infections A ntibacterial properties of IFN-γ have been intensively studied. IFN-γ function is defined either by direct effects on pathogen growth or by indirect mechanisms activating host cells to constitute effective immune responses against intracellular bacteria (e.g., Listeria, Mycobacteria, Salmonella) and parasites (e.g., Toxoplasma, Leishmania) (1, 2) .
Urogenital tract infections with Chlamydia trachomatis are the most prevalent bacterial sexually transmitted disease in the United States and may result in serious reproductive problems like pelvic inflammatory disease (PID), infertility, and potentially fatal ectopic pregnancy (3) . In theory, clinical sequelae emerge as a consequence of chronic inflammation triggered by persisting C. trachomatis in the urogenital tract (UGT). Chlamydial persistence, induced by an IFN-γ-dominated immune response, is thereby defined as a viable but noncultivable growth stage that is characterized by morphological aberrant inclusions (4). However, persistent chlamydiae are not supposed to cause any harm to the infected tissue. Thus, we hypothesized that an environmental factor in the UGT might cause the reversion from persistent to actively growing chlamydiae that maintain the inflammatory process. As oxygen concentrations in the UGT of women are already low under physiological conditions (O 2 < 5%) and may further decrease during an inflammatory process (5, 6), we focused on the influence of low oxygen concentrations on IFN-γ-induced chlamydial persistence. An increased survival of genital C. trachomatis strains in an IFN-γ-rich environment has been documented to facilitate the development of chronic infections (7) . Different IFN-γ-mediated mechanisms that inhibit chlamydial growth have been reported, and all of them are mediated by the JAK-STAT signaling pathways. The depletion of intracellular tryptophan pools by IFN-γ-induced activation of the indoleamine 2,3-dioxygenase (IDO) is supposed to be of uppermost importance in C. trachomatis persistence (8, 9) .
Results and Discussion
We analyzed chlamydial growth and progeny in hypoxia (2% O 2 ) and normoxia (∼20% O 2 ) in the presence or absence of IFN-γ by immunofluorescence staining and electron microscopy ( Fig. 1A) . IFN-γ treatment (25 units/mL) resulted in intracellular persistence of C. trachomatis under normoxic conditions, characterized by smaller inclusions and enlarged reticulate bodies compared with the nontreated controls. In contrast, IFN-γ treatment did not result in persistence of C. trachomatis when the cells were cultured under hypoxic conditions (Fig. 1A) . As a consequence chlamydial progeny was completely abrogated upon IFN-γ treatment under normoxia but not under hypoxia (Fig. 1B) . In addition, increasing IFN-γ concentrations (from 6.25 to 200 units/mL) was not sufficient to induce chlamydial persistence when cells were stimulated in a hypoxic environment. Most interestingly, the inhibitory effects of IFN-γ on chlamydial growth were tightly regulated by the environmental oxygen availability. Thus, IFN-γ treatment failed to limit chlamydial growth when oxygen concentrations decreased below 3% O 2 , but induced persistence of the pathogen at concentrations ≥4% O 2 (Fig.  1C) . To investigate oxygen-dependent differences of the pathogen itself we analyzed mRNA expression levels of genes that have been described to be differentially regulated in IFN-γ-mediated C. trachomatis persistence (10) . Transcriptional activity of genes (e.g., euo) that were described to be highly up-regulated in IFN-γ-induced persistence under normoxia (10) were down-regulated when the cells were cultured in a hypoxic environment. In contrast, mRNA expression levels of late cycle genes like hctA and omcB were significantly up-regulated under hypoxic conditions ( Fig. 1D , P < 0.05).
Impact of Hypoxia on IFN-γ Signaling in C. trachomatis-Infected Cells.
To identify the underlying mechanisms of reduced IFN-γ effectiveness on chlamydial growth under hypoxia, we started to analyze the central IFN-γ signaling pathways that have been described to play a role in the control of intracellular chlamydial progeny (11) . IFN-γ effector functions on human cells are mediated by the IFN-γ receptor CD119. Using FACS analysis we could show that the expression of CD119 was significantly reduced in C. trachomatis-infected cells under hypoxic conditions ( Fig. 2A , P < 0.05). Subsequently, phosphorylation of Stat-1 on tyrosine 701 (Y701) was drastically reduced in C. trachomatisinfected cells upon IFN-γ treatment when cultured in hypoxia compared with normoxic conditions (Fig. 2B) .
Using Stat-1-null or Stat-1 knockdown cells, Lad et al. could previously show that selectively induced Stat-1 was essential for restricting chlamydial growth in epithelial cells (12) . In our hands, reduced Stat-1 (Y701) phosphorylation under hypoxia did not depend on the suppressors of cytokine signaling (SOCS) regulatory pathway, as SOCS-1/-3 mRNA levels were not significantly altered between normoxic and hypoxic conditions. More importantly, expression of the hypoxia-inducible factor-1α (HIF-1α), the major oxygen sensor in mammalian cells (13) , was unaffected by IFN-γ treatment of C. trachomatis-infected cells (Fig. 2B) .
We then wondered whether IFN-γ-induced expression of MAPkinase family members that is required for comprehensive IFN-γ-mediated gene expression (14) was impaired under hypoxic conditions. In hypoxia, activation of the p38 and p44/42 MAPkinases was dramatically reduced in C. trachomatis-infected cells ( Hypoxia Modulates IFN-γ-Induced IDO Expression. The most potent mechanism to limit growth of intracellular chlamydiae in human cells is tryptophan depletion upon IFN-γ-induced up-regulation of IDO. Direct immune regulatory functions of IDO and the tryptophan catabolite kynurenine on intracellular chlamydiae are still discussed controversially (17, 18) . We observed that in hypoxia IDO mRNA and protein expression ( Fig. 2 D and E) as well as IDO enzymatic activity (Fig. S2 ) were down-regulated. A significant reduction of IFN-γ-induced IP-10 and IDO mRNA expression was also detected in noninfected epithelial cells, suggesting a functional relevance for other IFN-γ-controlled pathogens. Pathogens that have been described to be sensitive to IFN-γ-induced IDO-mediated tryptophan degradation include intracellular parasites such as toxoplasma and plasmodia, viruses, and intracellular bacteria such as chlamydia and rickettsia as well as extracellular bacteria such as streptococci and staphylococci (19) .
Nitric oxide (NO) has been described to trigger an accelerated IDO degradation via the cellular proteasome (20) . However, in line with findings from Nelson et al. (21), we could not observe any significant changes in the transcriptional regulation of the inducible nitric oxide synthase (iNOS) and the expression of NO in IFN-γ-treated epithelial cells under normoxia and hypoxia, which rules out a central role of NO in the inhibition of IDO activity in our study. Susceptibility of Different C. trachomatis Serovars to IFN-γ in Hypoxia. Some years ago, Morrison found that clinical C. trachomatis isolates from the eye were much more susceptible to IFN-γ treatment than urogenital serovars L2 and D (22) . We therefore compared C. trachomatis serovar D (urogenital isolate) with C. trachomatis serovar A (ocular isolate) infections to assess whether C. trachomatis strains behave differently under hypoxia. Interestingly, intracellular growth of C. trachomatis serovar D was not blocked by IFN-γ in hypoxia, whereas the ocular serovar A was highly susceptible to IFN-γ treatment (12.5 units/mL) under normoxic and hypoxic conditions (Fig. S3) . Thus, hypoxia-induced reduction of IFN-γ function was beneficial only for clinical C. trachomatis isolates that were originally derived from anatomical sites that are characterized by a low oxygen environment (<4% O 2 ) but not for the ocular strain that was isolated from an oxygen-rich organ tissue (O 2 > 8%) (23, 24) . Caldwell et al. previously pointed out that the IFN-γ susceptibility of clinical chlamydial strains was strongly correlated with polymorphisms in the tryptophan synthase genes (7) . Taking the findings together we postulate that both pathogen-related genetic differences and environmental conditions like the disposability of indole and oxygen determine the susceptibility of C. trachomatis to IFN-γ effector functions.
Hypoxia Rescues C. trachomatis from IFN-γ-Induced Persistence. To analyze whether the sole switch from a normoxic to a hypoxic environment could rescue C. trachomatis from the growth-limiting effects of IFN-γ, we induced persistence of chlamydiae under normoxic conditions and subsequently cultured persistently infected cells for up to 6 d in the presence of IFN-γ in hypoxia (Fig. 3A) . We could almost completely restore the infectivity of formerly persistent chlamydiae by subsequent incubation in hypoxia, despite the presence of IFN-γ in the culture medium (Fig. 3A) . The observed effect was pronounced when the duration of the preceding chlamydial persistence was short and was completely lost when normoxic persistence before hypoxic incubation lasted >8 d (Fig. S4) . We suggest that in the presence of IFN-γ, the switch from persisting to replicating bacteria (and vice versa) in dependence on the environmental oxygen availability may cause harm to the surrounding tissue and may result in long-term sequelae in chronically infected women.
Primary Human Fallopian Tube Cells and Whole Human Fallopian
Tissue Model. As most of the studies about the activity of IFN-γ on chlamydial growth and progeny were done in immortalized epithelial cell lines, we evaluated our findings in primary cells that were isolated from human fallopian tubes and a human fallopian tube model (HFTM). This model is as close to in vivo as one can achieve and still maintains a tractable system to study. Furthermore, IFN-γ responses in well-studied animal models are mechanistically different from responses in human cells and presumably in people (7, 25) . Thus, IFN-γ-mediated control of C. trachomatis in mice largely depends on the regulation of small GTPases and is independent of IDO activity (21) . On the other hand, the HFTM does not allow drawing conclusions about the effect of hypoxia on the recruitment and functionality of inflammatory cells during the infectious process. By analyzing primary cells that were isolated from human fallopian tubes of women undergoing hysterectomy, we could confirm our observation that the antichlamydial activity of IFN-γ was completely abrogated when the cells were cultured under hypoxic conditions (Fig. 3B) . Reduced effectiveness of IFN-γ on intracellular chlamydial growth in hypoxia was not limited to primary human fallopian tube cells that expressed the epithelial marker E-cadherin, but was also observed in E-cadherin-negative cells that showed a more fibroblast-like morphology after long-term cultivation (Fig. S5) . As IFN-γ function is critical for the prevention of disseminated disease following genital tract infection (26, 27) , we developed a HFTM to analyze the effectiveness of IFN-γ on C. trachomatis infection in a complex model system. In the tissue culture model we could confirm our cell culture results, showing IFN-γ-dependent inhibition of chlamydial growth 48 h p.i. in normoxia but not in hypoxia (Fig. 3C) .
Taken together, our results indicate that the IFN-γ-mediated control of intracellular chlamydial growth in epithelial cells and whole fallopian tube tissue strongly depends on the environmental oxygen concentrations. In a low oxygen environment (O 2 ≤ 3%) antichlamydial properties of IFN-γ are abrogated, allowing the pathogen to grow and replicate even under high IFN-γ concentrations. Chlamydial strains that have been shown to be less susceptible to IFN-γ under normoxia (22) , and that were originally isolated from organs with a physiologically low oxygen environment (24) , are favored to escape IFN-γ function under hypoxia. Further studies are needed to show a functional relevance of our findings for other IFN-γ-controlled pathogens and to profoundly characterize niches and peculiarities of those pathogens that benefit from low oxygen to escape IFN-γ immune responses. The capability of urogenital C. trachomatis isolates to use indole that is derived from the vaginal microbial flora for tryptophan biosynthesis supports chlamydiae to escape IFN-γ-mediated eradication (7) . Interestingly, reduced IFN-γ activity on C. trachomatis in hypoxia did not depend on HIF-1, which is the master regulator of oxygen sensing in mammalian cells and interferes with central innate immune functions (28) . Depletion of HIF-1 in hypoxia using siRNA against HIF-1α did not restore antichlamydial activity of IFN-γ (Fig. S6) . Consistently, the prolyl-4-hydroxylase inhibitor dimethyloxaloylglycine (DMOG) that stabilizes HIF-1 in normoxia did not abrogate antichlamydial effects of IFN-γ under normoxic conditions. Finally we could rule out a central role of NF-κB in the attenuation of IFN-γ function on chlamydial growth under hypoxia. Using a chemical compound (BAY 11-7082) that inhibits transcriptional NF-κB activity, we could neither restore IFN-γ signaling nor eradicate growth of the urogenital C. trachomatis isolates under hypoxia.
Our findings highlight a unique mechanism by which intracellular chlamydiae escape IFN-γ-driven host immune response in a microenvironment of low oxygen availability. Small changes in oxygen concentrations that physiologically occur in the UGT of women might account for dramatic changes in the antichlamydial effectiveness of IFN-γ. As a consequence, studies on host immune responses should more carefully consider tissuerelated environmental factors like the local oxygen supply and take this consideration into account for treatment strategies to eradicate chronic infections.
Materials and Methods
Cell Cultures and Hypoxic Conditions. Culture of C. trachomatis was propagated in HEp-2 cells (ATCC CCL-23) over serial passages in tissue culture plates (Greiner) with growth medium containing Eagle's minimum essential medium (Sigma), 10% FCS (PAA Laboratories), L-glutamine (100 mg/L; PAA Laboratories), nonessential amino acids, gentamicin (20 mg/L), and ampho- tericin B (2 mg/L). In the experimental setting, epithelial cells (2.5 × 10 5 ) were seeded in 9.6-cm 2 cell culture dishes to reach 70% confluency and were infected with the C. trachomatis serovars A, D, and L2 with 10 inclusionforming units (IFUs)/cell. Experiments were carried out at 37°C in a humidified atmosphere with 2-5% O 2 , 5% CO 2 , and balanced N 2 for hypoxic incubation (Hypoxia chamber; Toepffer Labs) or in 20% O 2 , 5% CO 2 , and balanced N 2 for normoxic conditions. Inhibitory effects of IFN-γ on chlamydial growth were tested after pretreatment of the cells with IFN-γ (6.25-200 units/mL) for 24 h before infection. Serovars of all chlamydial strains used in this study were confirmed by SNP analysis using an in situ hybridization microarray (kindly performed by K. Sachse, Federal Research Institute for Animal Health, Jena, Germany).
Fluorescence Microscopy and Electron Microscopy. Cells were grown to 70% confluency on coverslips for immunofluorescence staining and electron microscopy (EM). FITC-labeled monoclonal anti-Chlamydia-LPS antibodies (Dako) on methanol-fixed slides showed chlamydial developmental stages after 24 and 48 h. For transmission electron microscopy, cells grown on Thermanox slides were fixed with 5% glutaraldehyde in PBS (pH 7.4) for 1 h at 4°C. Postfixation was performed with 1% OsO 4 for 2 h, and samples were dehydrated in a graded ethanol series and embedded in Araldite (Fluka). Ultrathin sections were contrasted with uranyl acetate and lead citrate and were examined with a Philips EM 400.
Flow Cytometric Analysis of IFN-γ Receptor Expression. IFN-γ receptor expression was analyzed by flow cytometry using a PE-labeled anti-CD119 monoclonal antibody (BD Pharmingen). The cutoff for positive cells was defined as a fluorescence corresponding to 1% positive cells when using a mouse IgG2a isotype control (Beckman Coulter).
Analysis of mRNA Expression. Eukaryotic and bacterial RNA was isolated by using the NucleoSpin RNA II kit (Macherey-Nagel) and reverse transcribed into cDNA (First-Strand PCR kit; Roche). PCR amplification was performed by using the LightCycler Detection System (Roche Molecular Biochemicals). Relative quantification of euo (forward, AGGCTGCCAAGTTGCATAAT; reverse, TTGTCCCACGGAATAAAAGC), omcB (forward, CTGCAACAGTATGCG-CTTGT; reverse, CACGCTGTCCAGAAGAATGA), and hctA (forward, TTTTGTT-GGTTTGACCTTTGC; reverse, CGCAGCACAAAGAGTTCGTA) mRNA expression was performed against chlamydial 16S rRNA (forward, CGGTAATACGGA-GGGTGCTA; reverse, CTACGCATTTCACCGCTACA) and calculated against the respective mRNA expression levels 4 h p.i. in normoxia. Relative quantification of IP10 (forward, AGGAACCTCCAGTCTCAGCA; reverse, CAAAATTGGCT-TGCAGGAAT) and IDO (forward, CGCCTTGCACGTCTAGTTCTG; reverse, CGG-ACATCTCCATGACCTTTG) was performed against noninfected cells (24 h, Nox) as described previously (29) .
Western Blot Analysis. For determination of immunoreactive HIF-1α (BD Biosciences), phospho-Stat Tyr701 (9H2), IDO, phospho-p38, and phosphop44/42 (all Cell Signaling), total cell extracts were prepared as already described and subjected to Western blot analysis. Samples were run on SDS/ 10% polyacrylamide gels and transferred to nitrocellulose membranes (Whatman). Equal loading and blotting efficiencies were verified by reprobing with an anti-β-actin antibody (Cell Signaling). Membranes were blocked with TBS (0.1% Tween)/5% fat-free skimmed milk and then incubated with the respective antibodies. For detection, a horseradish peroxidase-linked anti-mouse IgG antibody (Cell Signaling) and enhanced chemiluminescence substrate (Pierce) were used. Densitometric analysis of the respective proteins was performed against the β-actin bands, using an automated image acquisition system (Fusion FX7; Vilber Lourmat) and the Bio1D-quantification software.
Determination of Enzymatic IDO Activity. Detection of N-formyl-kynurenine in the supernatants was used to determine enzymatic IDO activity. Cells were plated in 24-well plates (1.5 × 10 5 cells per well) in the appropriate media and stimulated with human IFN-γ. The plates were incubated at 37°C in normoxia or hypoxia for 72 h, after which 160 μL of the culture supernatant was removed from each well and transferred to a 96-well V-bottom plate. After addition of 10 μL 30% trichloroacetic acid to each well, the plates were incubated at 50°C for 30 min to hydrolyze the N-formyl-kynurenine to kynurenine. After centrifugation for 10 min at 600 × g, 100 μL of supernatant was transferred to 96-well flat-bottom plates, and 100 μL 1.2% (wt/vol) 4-(dimethylamino)benzaldehyde (Ehrlich reagent; Sigma-Aldrich) was added. After incubation for 10 min at room temperature, the optical density was determined at 492 nm with a microplate reader (Tecan). Data were expressed as mean optical densities for triplicate cultures.
Chlamydial Recovery and IFN-γ-Induced Persistence. The burden of infectious C. trachomatis elementary bodies after intracellular development under normoxic and hypoxic conditions was determined by titration experiments as described before (8) . Infected cell monolayers were mechanically detached with a cell scraper, resuspended in fresh growth medium, and inoculated in serial dilutions on confluent HEp-2 cell monolayers. Development of chlamydial inclusions was analyzed 30 h p.i. on methanol-fixed slides using an anti-Chlamydia-LPS antibody (kindly provided by H. Brade; Research Centre Borstel, Borstel, Germany) together with a secondary FITC-labeled antimouse antibody (Dako) and calculated by observation of 10 high-power fields (200× magnification). Infectious progeny under different conditions was determined by calculating the relative (rel.) IFUs against C. trachomatisinfected cells under normoxia without IFN-γ treatment. For the long-term persistence model, chlamydial persistence was induced in normoxia as described above and persistent chlamydiae were then further cultivated under either normoxia or hypoxia. The medium was exchanged every second day with preconditioned medium containing IFN-γ in a concentration of 50 IU/mL.
Gene Silencing. RNAi experiments were performed in 24-well culture dishes. Forty pmoles siRNA (HIF-1α Stealth RNAi and Stealth RNAi negative control Low GC; Invitrogen) were transfected per well using Lipofectamine Transfection Reagent (Invitrogen). Cells were allowed to grow for 24 h after transfection before infection and further incubation under different experimental conditions. Transfection efficiency was controlled by Western blot analysis for HIF-1α.
Primary Cells and HFTM. Primary cells were isolated from human fallopian tubes on a magnetic stirrer by gentle trypsinization as described previously (30) . For the organ culture model tubal specimens were collected from women undergoing hysterectomy. The tubes were harvested immediately after surgery in RPMI medium, containing nonessential amino acids, 5% FCS, L-glutamine (0.1 mg/mL), and gentamicin (20 μg/mL) and amphotericin B (2 μg/mL). Specimens were cut into small pieces (∼100 mm 3 ) before IFN-γ treatment. Pieces were infected with C. trachomatis serovar D (7.2 × 10 8 IFUs/mL) and cultivated under either normoxic or hypoxic conditions as described above. Within 48 h p.i. specimens were mechanically disrupted using a tissue homogenizer (Precellys24; Peqlab) for recovery experiments. Infectious progeny was determined by calculating rel. IFUs with the highest value set to 100%. The experimental protocol was approved by the ethical committee of the University of Luebeck (09-153).
Statistical Analysis. Data are indicated as mean ± SEM. ANOVA was used for statistical analyses of more than two groups. The Wilcoxon test was applied for the comparison of paired, nonparametrical parameters. P values <0.05 were considered to be statistically significant.
